[1] We present a two-dimensional model for sedimentation of well-mixed weak plumes, accounting for lateral spreading of the cloud, downwind advection, increase of volumetric flux in the rising stage, and particle transport during fallout. The 17 June 1996 subplinian eruption of Ruapehu produced a bent-over plume that rose to a height of 8.5 km in a wind field with an average velocity of 24 m s À1 and generated a narrow deposit on land extending up to 200 km from vent. The sedimentation from the Ruapehu plume was dominated by coarse ash, with all the blocks and most of the lapilli falling while the plume was still rising. Particles with diameter <125 mm show three accumulation maxima, one coincident with a secondary maximum in the total tephra deposit about 150 km from the vent. Numerical modeling shows that the plume started spreading horizontally beyond about 30 km from vent. Investigations also show that Fickian diffusion can be a good approximation to the crosswind spreading of both ''vigorous'' and ''low-energy'' weak plumes, but a wide range of diffusion coefficients is to be expected, with the largest values necessary to describe the most vigorous weak plumes such as Ruapehu. One-dimensional and two-dimensional simulations show that tephra sedimentation must have been subvertical. This feature, also supported by direct observations, can be the result of the turbulence structure of the local wind field and convective instabilities, which could also have played an important role in the generation of the pronounced sinuosity shown by the Ruapehu deposit.
Introduction
[2] Volcanic plumes can be defined as strong or weak depending on whether the plume vertical velocity is much greater or much smaller than the wind speed respectively, and a practical discriminating condition is suggested by Sparks et al. [1997] for a plume height of 10 km and a wind velocity of 20 m s À1 , on the basis of typical vertical velocities for plumes. Strong plumes typically rise above the tropopause developing a subvertical column that spreads laterally into a turbulent current once its density reaches the atmospheric density (i.e., neutral buoyancy level), whereas weak plumes typically develop in the troposphere following bent-over trajectories as a result of the strong wind advection (Figure 1 ). In this paper we refer to the base of horizontal volcanic clouds and bent-over plumes as ''current base. '' [3] Strong plumes do not significantly interact with the wind in the subvertical column (i.e., convective region), whereas the entire weak-plume trajectory is determined by the plume buoyancy flux and addition of momentum from wind field by entrainment [Coelho and Hunt, 1989] . Beyond the initial gas thrust region, weak plumes show a bent-over trajectory and rise first due to buoyancy, then due to momentum, and eventually spread subhorizontally around the neutral buoyancy level ( Figure 1b) . As a result of interaction with atmospheric wind, the dynamics of weak plumes is much more complex than that of strong plumes, and their trajectory is typically fitted empirically [Briggs, 1969; Turner, 1973] .
[4] Weak plumes can also bifurcate in distal areas for reasons that are still not entirely understood: the distribution of pressure around the vortices, constant plume buoyancy, release of latent heat by evaporating water droplets within the plume and the impact of the vortex structure with a density interface have all been suggested [Ernst et al., 1994] . Bifurcation of weak volcanic plumes has been observed directly and in satellite images, and some examples of bilobate tephra deposits have been reported. Bifurcation is stronger for strongly bent-over plumes [Ernst et al., 1994] , but does not appear to affect plume rise significantly [Cunningham et al., 2005] .
[5] The understanding of sedimentation from strong volcanic plumes has significantly progressed in the last two decades and models have been developed which show good agreement with field data [e.g., Armienti et al., 1988; Bonadonna et al., 1998; Bursik et al., 1992a Bursik et al., , 1992b ; Carey Figure 1 . Sketch of the main features of (a) a strong and (b) a weak plume developing in a wind field. Strong plumes are characterized by a subvertical convective region that spreads laterally around the level of neutral buoyancy (H b ). Weak plumes are characterized by vertical velocities lower than the wind velocities. As a result, they develop into bent-over plumes that start spreading subhorizontally around the neutral buoyancy level. In the case of vertical tephra sedimentation a particle falling from the current base at a point A will reach the ground at a distance x a from the vent. In the case of a plume developing in a wind field a particle falling from the current base at a point A is likely to reach the ground at a point x b depending on the wind velocity and the particle terminal velocity between the current base and the ground. x w is the distance between x a and x b proportional to the ratio between wind velocity and particle terminal velocity. D is the angle of the particle fall trajectory l. For constant wind velocity and particle terminal velocity, a given particle size will fall at constant D. Here x o is the source of the turbulent current. The coordinate system (x, y, z) is also shown with x in the downwind direction and y in the crosswind direction.
and Sparks, 1986; Koyaguchi and Ohno, 2001; Macedonio et al., 1988; Sparks et al., 1992; Suzuki, 1983] . The dynamics of weak plumes has mainly been studied theoretically and experimentally [Ernst et al., 1994; Fric and Roshko, 1994] and the sedimentation from these plumes has not been investigated in detail.
[6] In this paper, the models by Bursik et al. [1992a] and Bonadonna and Phillips [2003] are coupled with empirical descriptions by Briggs [1969] and theoretical analysis by Turner [1973] to account for sedimentation from bent-over plumes. Our sedimentation model for weak plumes is based and calibrated on the bent-over plume produced during the 17 June 1996 subplinian eruption of Ruapehu, New Zealand (B. F. Houghton et al., The 17 June 1996 eruption of Ruapehu volcano, New Zealand: The anatomy of a windadvected subplinian fall deposit, submitted to Bulletin of Volcanology, 2005, hereinafter referred to as Houghton et al., submitted manuscript, 2005) . In this paper, we refer to this plume and the corresponding tephra deposit as ''Ruapehu''. The Ruapehu deposit represents the best studied tephra deposit from weak plumes available, for which also crucial plume observations were made at the time of the eruption and plume images were captured at 30-min intervals over the duration of the eruption by a Geostationary Meteorological Satellite (GMS-5) provided by the Japan Meteorological Agency (JMA).
[7] The Ruapehu eruption provided direct observations of a volcanic plume interacting with the atmospheric wind field. It started at 0650 and produced two sustained pulsating plumes between 0830 and 1300 and between 1500 and 1700 respectively. All times in this paper are indicated as local New Zealand time (NZT). These plumes were bent over by a SSW wind with speed between 13 m s À1 at 3 km and 34 m s À1 at 9 km (heights are above sea level (asl), and wind speeds are from radiosonde data obtained at 1200 and 0000 NZT from the Paraparaumu Aerodrome, which is located on the south of the North Island of New Zealand, 40.54°S, 174.59°E, Figure 2 [Prata and Grant, 2001] ). The maximum plume height was reached by the distal portion of the first plume already detached from vent (i.e., 8.5 km asl [Prata and Grant, 2001] ) and the two plumes merged by 1630. Bifurcation occurred around 800 km from vent when the eruption lost its vigor (i.e., after 1700 hours). Tephra deposits from the two plumes overlapped due to a uniform wind direction to NNE during the eruption and therefore were treated as if generated by a single weak plume (Houghton et al., submitted manuscript, 2005) .
[8] In this paper we first present a summary of the observations of the Ruapehu plume and its deposit. We then describe the rise, spreading and mass transport in a weak volcanic plume using empirical descriptions of plume motion and a diffusive model.
Plume Spreading and Depositional
Characteristics of the Ruapehu Eruption 2.1. Plume Spreading
[9] The Ruapehu eruption occurred during a very clear day and the resulting plume was captured on a sequence of (Houghton et al., submitted manuscript, 2005) . The downwind (i.e., along the dispersal axis) and crosswind (i.e., lateral) plume velocities were calculated from these images (Figure 3 ). Plume velocities were calculated both between consecutive pairs of images (i.e., differential velocities) and with respect to the initial plume position (i.e., total velocities). The plume did not spread significantly upwind, with a maximum upwind spreading of 7 km reached between 1100 and 1130 with a velocity of 4 m s À1 (Figure 2) . The differential velocity plot shows a pulsating downwind spreading both for the first and the second plume (Figure 3a) , with the second plume being characterized by lower velocities (averages of 24 and 19 m s À1 respectively). The differential downwind velocity varied between 11 and 44 m s À1 with the maximum value reached by the first plume between 1100 and 1130 at about 260 -340 km from the vent (Figure 3a) . The second plume was shorter lived and the corresponding downwind velocity started decreasing around 1700 hours when bifurcation also started taking place. The bifurcation point moved at the same downwind rate of the expanding plume during the first 1.5 hours and then it rapidly stopped spreading ( Figure 3a ). Satellite observations were only available for 2.5 hours after bifurcation started at about 800 km downwind of the vent (Figure 2) .
[10] The pulsating character of the plume with velocities much higher and slightly lower than the mean wind velocity at the height of neutral buoyancy (Figure 3a ) results in a total plume velocity only slightly higher than the mean wind velocity for most of the duration of the eruption (Figure 3b ). The mean downwind velocity for the first and the second plume is 21 and 22 m s À1 respectively, with a mean wind velocity at the neutral buoyancy level of 20 m s À1 (radiosonde data; Figure 3b ). The plume spread at significantly higher velocity than the wind only when the two plumes merged (after 1630). It is important to notice that the differences between plume-spreading rate and wind velocity are of the same scale of general accuracies for radiosonde data (i.e., ±5 m s À1 (A. J. Prata, personal communication 2004) ) and that the radiosonde data were actually taken about 300 km south of Ruapehu (Paraparaumu Aerodrome; Figure 2 ).
[11] The differential crosswind velocity shows very little variation between 4 and 10 m s À1 , with the largest velocities reached between 1100 and 1130 (8 m s À1 ), corresponding to the maximum downwind and upwind velocity, and after 1830 (8 -10 m s À1 ), probably due to the plume bifurcation (Figure 3a) . A negative crosswind velocity is shown at 1330 due to the detachment of the first plume from vent. After the first plume detaches from vent (1300), the total crosswind velocity decreases down to 4 m s À1 and starts increasing again when the two plumes merge (1630) (Figure 3b) . However, the plume keeps on spreading both downwind and crosswind even after it has detached from vent. The differential detachment velocity of the plume is lower than the downwind spreading velocity, showing that the plume must have kept on spreading downwind even after it detached from vent ( Figure 3a) . Detachment velocity is here defined as the Figure 2 . Differential velocities are calculated between consecutive pairs of images, whereas total velocities are calculated with respect to the initial plume position. Downwind spreading (DW) is indicated with diamonds, whereas crosswind spreading (CW) is indicated with circles. The solid line indicates the wind velocity at the height of plume spreading (radiosonde data from Paraparaumu Aerodrome with general wind-velocity accuracies of ±5 m s À1 ). The position of the Paraparaumu Aerodrome is indicated in Figure 2 . Circled 1, 2, and 3 indicate three crucial times: 1 is when the first plume detaches from vent, 2 is when the first and the second plume merge, and 3 is when the final plume starts bifurcating. ''Detachment'' is the velocity of plume detachment from vent (squares), whereas ''bifurcation'' is the spreading velocity of the two newly formed plume lobes as seen in satellite images (triangles). Crucial distances from vent are also indicated on a horizontal secondary axis in Figure 3b . See color version of this figure in the HTML.
horizontal velocity of the detached plume at the end of the sustained phase.
Deposit
[12] Even though the Ruapehu eruption was characterized by two distinct sustained phases with a 2-hour gap, the resulting tephra was uniformly deposited along a dispersal axis NNE (Figure 4 ). Medial samples from the two phases have very similar grain size and the distal deposit cannot be subdivided into two units. Thus the resulting deposit is treated as a single unit, which forms a narrow lobe extending more than 200 km from the volcano, with a pronounced secondary mass/thickness maximum at about 150 km downwind and no significant deposition upwind (Figure 4 ). The deposit is characterized by a rapid mass/thickness decrease with distance in proximal areas, varying from about 3000 kg m À2 a few hundreds meters from the vent (equivalent to a thickness of about 2.4 m) to about 500 kg m À2 (equivalent to a thickness of about 0.4 m) about 2 km downwind from the vent and less than 0.5 km crosswind. Distal thinning is less extreme, declining from values of 200 g m À2 to 100 g m
À2
in about 4 km both downwind and crosswind at about 150 km from the vent (Figure 4 ).
[13] Samples along the dispersal axis show a unimodal grain size distribution with mode decreasing regularly from 4 mm (À2 F), around 0.4 km downwind from the vent, to 63 mm (4 F) beyond 150 km (Figures 5a and 5b) . Blockand lapilli-sized fragments (i.e., with diameter >64 mm and 2-64 mm respectively) are confined within 0.4 and 40 km downwind from the vent respectively, with most of the lapilli being deposited within the first 30 km (wt % >0.1; Figure 5c ). Sedimentation between 10 and 75 km from vent is mostly dominated by coarse ash (i.e., particles with diameter 2 mm to 63 mm) and the fine ash fraction (i.e., <63 mm) remains consistently below 10 wt % up to about 75 km downwind from the vent (Figure 5c ). Fine ash reaches values between 20-35 wt % between 100 and 200 km downwind for most samples analyzed, but the largest size fraction in the distal area is coarse ash (Figure 5c ).
[14] Particles with diameter >1 mm, 1 mm to 125 mm, and <125 mm show different dispersal characteristics, which are summarized in the isomass maps of Figures 6, 7, and 8. Particles with diameter >1 mm fall off steeply within the first 50 km, whereas particles with diameter <125 mm show three maxima (Figures 6 and 8 ), one coincident with the secondary mass/area maximum at about 150 km from the vent shown by the whole deposit (Figure 4) . Particles with diameter between 125 mm and 1 mm show a more gradual thinning of mass/area over the whole land deposit with the exception of a very rapid decrease within the first 2 km (Figure 7 ).
Modeling Weak Volcanic Plumes

Plume Rise
[15] Beyond their source region, weak plumes have been described as a single flow advected by wind, with three different bending-over stages identified by fitting of empirical curves [Briggs, 1969] . In this paper we only describe and model the spreading and sedimentation of a weak volcanic plume beyond the gas thrust region. Here, the weak plume rises as a turbulent-diffused current first due to buoyancy, then due to momentum and, finally, it starts spreading horizontally when it reaches the neutral buoyancy level [Sparks et al., 1997] . Its flow structure is retained along the whole trajectory, due to the strong wind advection that inhibits reorganization of the flow characteristics in the upper atmosphere [Sparks et al., 1997] . The flow trajectory in the three bending over stages has been described by empirical relationships [Briggs, 1969; Sparks et al., 1997] :
where z c is the centerline height and x a is the horizontal downwind position of the centerline measured from the turbulent current source x 0 (Figure 1b ). For simplicity, in our model the turbulent current originates at the vent and therefore x 0 = 0. b 1 and b 2 are two empirical constants (e.g., 2.5 m 1/3 and 2.1 m 1/2 respectively for the 22 July 1980 bentover plume of Mount St. Helens [Sparks et al., 1997] ), H b is the height of neutral buoyancy, and x 1 and x 2 are the horizontal distances from the vent to the boundary between these three regions:
[16] A weak plume can be either analyzed as a wellmixed turbulent current or as a current characterized by a double-vortex structure normal to the streamline, dependent on the relative magnitude of turbulent diffusion and the rate of increase of the plume radius [Turner, 1973] . If the buoyant fluid and the vorticity mix across the center of the current, a linear increase of the plume radius with height is obtained. We define this case as a well-mixed weak plume, and we show that analysis based on buoyant horizontal (gravity current) propagation and diffusion can be used. However, if the vorticity remains concentrated at the plume edges, the vorticity circulation remains constant with time, and the plume radius increases exponentially with height. This case is here defined as a pair-vortex weak plume, and an analysis based on conservation of vorticity is more appropriate [Turner, 1973] .
[17] The dynamics of a well-mixed weak plume rising in a uniform environment differs from that of a subvertical strong plume primarily because the dominant velocity shear is nearly perpendicular to the plume axis, rather than parallel to it. This results in a more efficient turbulent mixing, which is reflected in the empirically determined entrainment constant being five times larger than the entrainment constant for a strong plume, a T = 0.5 for a ''top hat'' profile [Briggs, 1969] and a G = 0.35 for a Gaussian profile (defined as a G = 2 À0.5 a T ; [Turner, 1973] ). From dimensional analysis coupled with experimental observations, equation (1a) can also be written as [Briggs, 1969] 
where F is the total buoyancy flux (m 4 s
À3
) and u a is the wind speed (m s À1 ), supposed constant with height.
[18] The dynamics of a bent-over plume rising in a nonuniform environment cannot be described by existing theory [Turner, 1973] . However, for the low heights typical of weak plumes (<10 km), a uniform environment can be assumed, because the atmosphere is not strongly stratified [Sparks et al., 1997] , and the set of equations (1) to (3) can be used.
Particle Distribution at the Base of the Bent-Over Plume
[19] Sedimentation from a well-mixed weak plume can be described as for sedimentation from strong plumes, model- ing the whole rising plume as a turbulent-diffused current [Turner, 1973] , in which the flow and particle distribution are assumed to be homogenized in the vertical direction due to turbulence and vorticity.
[20] To describe particle fall from the base of a bent-over plume, the models for sedimentation from gravity currents by Bursik et al. [1992a] and Bonadonna and Phillips [2003] have been developed. These models are based on the following main assumptions: (1) the atmosphere in which the eruptive plume develops is continuously stratified; (2) the volume flux in the spreading current is constant with distance (i.e., there is no air entrainment into the spreading current); (3) the wind field at the spreading current level is constant in direction and speed; (4) the wind direction along the fall trajectory of the particles is constant; (5) particles are vertically well-mixed by turbulence in the spreading current; (6) the concentration of particles in the crosswind direction of the spreading current has a Gaussian distribution; (7) particles fall out from the bottom of the spreading current where turbulence diminishes and the vertical velocity is negligible. In this model we retain the assumptions 3 to 7 but we also assume a plume developing in a uniform environment and spreading with an increasing volumetric flux due to air entrainment until its trajectory becomes horizontal. We also assume that the wind direction along the plume rise is constant.
[21] Under these conditions, the total mass of particles, M (kg), of a given size fraction between the turbulent current source, x 0 (m), and a distance x a (m) at the base of the spreading current is [Bursik et al., 1992b ]
where M 0 (kg) is the initial mass injected into the current,
) is the particle terminal velocity, w (m) is the maximum crosswind width of the spreading current at the source and Q (m 3 s
À1
) is the volumetric flow rate within the current.
[22] The maximum width w (m) of a well-mixed weak plume spreading laterally by turbulent diffusion can be ). In Figure 7b , isoline values are indicated by scientific notation (e.g., 1E1 = 10 g m À2 ). See color version of this figure in the HTML.
B08209 BONADONNA ET AL.: MODELING TEPHRA SEDIMENTATION FROM A WEAK PLUME determined by the Fickian law of diffusion [Bursik, 1998; Sparks et al., 1997] :
where k (m 2 s À1 ) is the diffusion coefficient, and u av (m s À1 ) is the wind velocity averaged over the height of plume rise. The total mass of particles, M (kg), of a given size fraction carried by the spreading turbulent current between x 0 and x a can then be written as
[23] The volumetric flux in a bent-over plume cannot be assumed constant as for the derivation of mass flux of strong-plume currents [Bonadonna and Phillips, 2003] because it increases with distance from the vent due to the effect of turbulent mixing with the atmosphere [Briggs, 1969] :
where a is the entrainment constant for weak plumes (with the ''top hat'' or ''Gaussian'' value depending on the distribution profile considered). When the plume starts spreading subhorizontally, the volumetric flux is assumed constant at its maximum value. Using equation (1), the volumetric flux in equation (7) can be written as , and x 1 and x 2 defined as in equation (2).
[24] The total mass of particles of a given size fraction between x 0 and x a at the current base can now be written as
where
), between x 0 and x a at the base of the spreading current H cb , can now be written as
[25] Following Bonadonna and Phillips [2003] , the mass per unit area at the base of the spreading current, m a (x a , y a , H cb ) (kg m À2 ), can be calculated assuming a Gaussian particle distribution in the crosswind direction of the current:
where b is a characteristic length proportional to the effective radius of the maintained plume, i.e., distance from the plume axis at which the velocity or density deficiency have fallen to c% of the axial value, where c is small [Morton et al., 1956] . By taking c = 1% the effective radius of the maintained plume is %2b [Morton et al., 1956] . From equation (5) and from the consideration that w % 4b [Morton et al., 1956] , we can also write
Therefore the mass per unit area of each particle size accumulated between x 0 and x a at the base of the spreading current is
The total mass per unit area is the sum of the accumulation of all particle sizes:
Particle Sedimentation From the Plume
[26] A model of sedimentation from a weak plume must account for wind transport after particles leave the plume. In fact, a particle falling from the current base at a point A with distance x a from vent is likely to reach the ground at a distance x b from vent, where x b = x a + x w and x w is the distance due to wind transport (Figure 1 ). The sedimentation of a given particle size class at x b corresponds to the accumulation of the same particle size category at the base of the current at x a (Figure 1) . The height z 0 of the current base H cb of a weak plume is described consistently with respect to the trajectory of the plume centerline in equation (1) as
where b 0 1 and b 0 2 are empirical constants and H t is the maximum column height. Equation 15c is derived from Briggs [1975] with a likely error of ±0.5 km [Prata and Grant, 2001] .
[27] The distance x b can be determined as the intersection between the current base H cb and the particle fall trajectory l (Figure 1b ), defined as
where z p is the particle fall height at each distance x, with x a < x < x b , and p = av are the wind velocity and the particle terminal velocity averaged along the particle fall and kept constant for simplicity. Under this assumption, particles of a given size will fall with a constant angle D, where p = tan D (Figure 1b) . From the combination of equations (15) and (16) for z p = z 0 = H cb , the distance x a is given by
for the three zones of the plume trajectory.
[28] The accumulation of particles of a given size at a distance x b is
with x b À x a = x w in Figure 1b . The total mass of particles accumulated per unit area at a distance x b is the sum of the accumulation of all particle sizes at x b :
Results
[29] The preceding model development is based on empirical description of the plume rise, so the model requires input from field observations for the constants of plume rise,
We have tested the model performance by simulating tephra sedimentation from the weak plume generated during the Ruapehu eruption for which good observations of the proximal plume trajectory were made. Results of tephra dispersal modeling in one and two dimensions are presented and discussed in terms of variations with distance from vent of mass accumulation per unit area at the current base (m aT ) and ground sedimentation per unit area (S T ).
[30] The trajectory of the Ruapehu bent-over plume could be studied in detail within 10 km from the vent (Figure 9a ). The best fit to the centerline and the current base trajectory are given by
The discrepancy with the previously identified empirical forms of the weak-plume trajectory given by equation (1) is probably due to the assumption of constant wind velocity, whereas during the Ruapehu eruption the wind velocity varied significantly with height (i.e., 13-34 m s À1 between 3-9 km asl; radiosonde data [Prata and Grant, 2001] ). In fact, the plume trajectory can be conveniently fitted as
without a significant loss of accuracy (dashed line in Figure 9b ). The maximum plume height was determined from satellite images as 8.5 km [Prata and Grant, 2001] . Substituting equation (20a) in equation (7) with the entrainment constant for the Gaussian profile assumption [Briggs, 1969] , we can find the volumetric flux Q:
Equations (20) and (21) are assumed to hold for the entire plume trajectory until the plume starts spreading horizontally at the neutral buoyancy level. We can use these approximations to relate the sedimentation rate at the ground at a distance x b from vent to the sedimentation flux at the base of the current at a distance x a ,
where x 2 is the distance where the plume starts spreading horizontally (equation (2) [31] We can also estimate the diffusion coefficient for the Ruapehu plume from its trajectory, from the definition of b during plume rise [Morton et al., 1956] :
so combining equation (12) with equation (23) . Crosswind expansion during bifurcation (beyond 800 km from vent) cannot be described by a ''x 1/2 law'' (Fickian diffusion), and is proportional to x 3 (white circles in Figure 10 ). The width of isomass contours shows a small k value for the proximal deposit (up to 23 km) and a larger value (close to k from equation (24)) for the distal deposit (between 50 and 225 km from vent) (Figure 10 ). Unfortunately, there are no satellite data and land observations available for the same range of distances from vent, so we cannot compare observed vertical thickness and lateral expansion of the plume over its entire length. However, the vertical thickness gives a good agreement with k obtained from equation (24), suggesting that at least proximal crosswind spreading and vertical thickness of the plume are roughly equivalent (Figure 10 ). Table 1 [32] Simulations of the Ruapehu deposit were made using the Gaussian fit of the total grain size distribution deter- Table 1 ). The Gaussian fit is necessary in order to have a large number of size classes that can smooth the effect of wind fractionation on the ground [Bonadonna and Phillips, 2003] . Figure 12a shows the variation with distance from vent of (1) computed mass accumulation at the current base (run 1; m aT ), (2) computed sedimentation on ground (run 2; S T ) and (3) observed mass accumulation (from Houghton et al., submitted manuscript, 2005) . The trajectory of the simulated plume is also shown (thick line) referred to the secondary axis. Values of mass/area are computed at distances from vent for which observed mass/area values are also available (Figure 4) . A diffusion coefficient of 3 Â 10 4 m 2 s À1 is used for the whole plume trajectory, in agreement with the plume crosswind spreading recorded on the JMA satellite images (Figures 2 and 10) . The simulated mass accumulation at the current base shows a secondary maximum at the transition between bent-over and horizontal spreading of the plume ($27 km from vent) that corresponds to a transition in the accumulation law (see equation (13)). In the bent-over stage of plume rise, the mass flux is proportional to $exp(Àx 1/2 ) and the volumetric flux varies linearly with x (equation (21)). When the plume starts spreading horizontally, the mass flux is proportional to $exp(Àx 3/2 ) and the volumetric flux is constant at its maximum value. In this simulation, the plume is assumed to spread horizontally around the neutral buoyancy level calculated as H b = 0.7H t ffi 6 km (with H t = 8.5 km [Prata and Grant, 2001] ). Mass accumulation on the ground does not show the mass accumulation maximum shown at the base of the current because particles respond differently to wind transport according to their size and density.
[33] Field data (gray circles) plot in between m aT and S T suggesting that, during sedimentation, particles were affected by a weaker wind velocity than suggested by the average radiosonde data (i.e., 20 m s
À1
; Figure 12a ). To investigate this discrepancy, we define a factor g for the estimated wind speed such that the modeled tephra accumulation matches the measured values; we subsequently refer to this factor as the fall wind factor. Thus the factor p in equations (16) and equation (22) ).
Two-Dimensional Variation of m aT and S T With
Distance From Vent: Runs 5 -12 in Table 1 [34] Equations 14 and 18 allow m aT and S T to be computed in two dimensions. However, maps computed with a diffusion coefficient of 3 Â 10 4 m 2 s À1 or 9 Â 10 4 m 2 s
À1
(best fit values for plume crosswind spreading and deposit width respectively; runs 5 -6, Figure 10 ) are significantly narrower than the deposit map (Figure 13 ), suggesting that the actual crosswind sedimentation decreases less steeply than the sedimentation predicted by model simulations. Therefore an empirical spreading factor (e) is introduced Figure 10 . Logarithmic plot showing the crosswind spreading of the plume (gray and white circles), the lateral extension of the deposit (red squares), the proximal vertical thickness of the plume (black triangles) and the width of isolines from the isomass map in Figure 4 (gray diamonds).
Corresponding best fit trends of Fickian diffusion calculated from equation (5) as for the downwind sedimentation, and equation (13) becomes
m a x a ; y a ; H cb
[35] The large data set collected soon after the Ruapehu eruption allowed detailed sensitivity tests to be carried out in order to determine the best fit values for the empirical parameters used (i.e., diffusion coefficient, fall wind factor, crosswind factor). Best fit values were determined using the misfit function (mf), which is a measure of discrepancy between computed and observed data [Bonadonna et al., 2002a] , on 89 sample points between 4 km and 180 km from vent (runs 7 -9 in Table 1 ). Figure 14 shows that the best fit is obtained for a fall wind factor (g) of 0.1, a crosswind factor (e) of 2.5 and a diffusion coefficient of 3.5 Â 10 4 m 2 s À1 (mf = 0.33 kg m
À2
; number of points = 89; mass/area = 0.002 Ä 11.680 kg m
). Both the fall wind factor and the diffusion coefficient fit well with the 1D investigations of S T (Figure 12 ). Figure 15 shows that our model underestimates the measured accumulation mainly at values between 0.01 and 1 kg m
, probably reflecting the fact that our model cannot reproduce the sinuosity shown by the Ruapehu deposit ( Figure 13 ). Similar results were obtained using the advection-diffusion model TEPHRA but with a higher mf value for the same data set (mf = 0.58 kg m À2 ) .
[36] Figure 16 shows the comparison between the isomass maps computed with the best fit values of k, g, and e for the accumulation of tephra at the base of the current (m aT ) and on the ground (S T ) (runs 11 and 12 in Table 1 ). The most striking feature is the secondary maximum of accumulation between 0.01 and 0.2 kg m À2 around 27 km from the vent shown by the m aT map. This maximum is also shown by Figure 12 and corresponds to the change in plume-spreading regime from bent over to horizontal. Such a maximum is not shown by the S T map or by the field data map because particles are dispersed by the wind as soon as they leave the base of the spreading current (Figures 4, 13, and 16b) .
[37] Figures 15 and 16 show good agreement between computed and observed data when empirical parameters are used. However, the field data map (Figures 4 and 13c) also shows a much more complex sedimentation pattern than the computed S T map (Figure 16b ) reflecting complexity of the fall dynamics that is not captured by this simple sedimentation model. The main discrepancy is represented by the pronounced sinuosity of the contours sometimes resulting in double maxima of accumulation. Reasons for this are discussed in the following section.
Discussion
[38] The rise dynamics of strong and weak plumes have been investigated experimentally and theoretically since the Values in bold are the parameters varied to test the sensitivity of the model. Here m aT indicates tephra accumulation at the base of the spreading current. S T indicates tephra sedimentation at the ground. BF is the best fit value. Column height is the maximum height of the eruptive plume (m). Vent height is the height of the eruptive vent (m). Erupted mass is the total mass of tephra erupted (kg). Fall wind is the average wind speed between the base of the spreading current and sea level (i.e., wind along particle fall; radiosonde data [Prata and Grant, 2001 ]) (m s À1 ). Rise wind is the average wind speed between the base of the spreading current and vent height (i.e., wind along plume rise; radiosonde data [Prata and Grant, 2001 ]) (m s À1 ). Density is the measured density of the erupted centimetric clasts (kg m
À3
); density of all pumice particles is made varied between the density of centimetric pumices and the density of centimetric lithics according to the density model by Bonadonna and Phillips [2003] . Diffusion coefficient is the diffusion coefficient k in equation (5) (m 2 s À1 ). Crosswind factor (e) is the parameter used to determine the actual crosswind sedimentation (equation (25)). Fall wind factor (g) is the parameter used to determine the actual wind speed during particle fall. late 1950s [e.g., Briggs, 1969; Morton et al., 1956; Turner, 1973] and sedimentation from strong plumes has also been studied in detail [e.g., Armienti et al., 1988; Bonadonna and Phillips, 2003; Bursik et al., 1992b; Glaze and Self, 1991; Macedonio et al., 1988; Sparks et al., 1992] . In contrast, the dynamics of weak plumes has only permitted empirical description [e.g., Briggs, 1969; Ernst et al., 1994 Ernst et al., , 1996 Fric and Roshko, 1994; Turner, 1973] , and the model presented in this paper represents the first attempt to model sedimentation from bent-over plumes making a detailed comparison with field data (from the 17 June 1996 subplinian eruption of Ruapehu, New Zealand).
[39] The spreading of both strong-plume umbrella clouds and well-mixed weak plumes can be described as the spreading of turbulent currents [Turner, 1973] . Sedimentation from these spreading turbulent currents has been described using simple theory by Bursik et al. [1992b] and Bonadonna and Phillips [2003] for which particle settling is opposed by turbulence, so that a gradient of downward increasing particle concentration is established. However, the turbulent currents generated by strong and weak plumes differ in the controls on the current width downwind: spreading of strong-plume currents is directly controlled by density contrasts with the atmosphere, whereas spreading of weak-plume currents is mainly controlled by turbulent diffusion of the atmosphere [Briggs, 1969] .
[40] In line with previous studies, the plume rise dynamics are described using empirical constants (e.g., diffusion coefficient and constants of plume rise, b 1 , b 2 , b 0 1 and b 0 2 ) and to obtain a reasonable fit to field deposit data, we find that sedimentation also needs to be described using empirical parameters (diffusion coefficient, fall wind and crosswind factors; k, g and e in Table 1 ). The use of empirical parameters is necessary to account for errors in field data (e.g., wind data measured far from plume spreading and difficulties in sampling very thin deposits), but it is also necessary to capture the complexity of the processes described. Errors in field data are difficult to quantify, but we can discuss some of the uncertainties in the descriptions of the physical processes that necessitate the introduction of empirical coefficients.
[41] In the absence of a detailed description of the physical processes controlling weak-plume spreading, we have chosen to model the spreading of the horizontal weak plume current as a Fickian diffusion process (equation (5)). In taking this approach, we acknowledge that we are not explicitly accounting for some processes that may strongly influence the current spreading (1) gravitational spreading due to density contrasts with the atmosphere, (2) enhanced downwind transport of the plume due to much greater entrainment effects in weak plumes as compared with strong plumes, and (3) entrainment into the subhorizontal spreading current. Neglecting the first and last of these processes leads to an underestimation of the turbulent current crosswind spreading, and we find that we need to use a large value for the diffusion coefficient to match observations of the turbulent current width.
[42] The results of this study raise some issues relevant to the application of diffusion models to tephra dispersal modeling. The Fickian diffusion law gives reasonable agreement with the observed crosswind spreading of the Ruapehu plume and the downwind expansion of the Ruapehu deposit (Figure 4) . However, the best fit diffusion coefficient for the deposit width (9 Â 10 4 m 2 s
À1
) is higher than the observed and computed best fit value for plume lateral expansion (3 Â 10 4 and 3.5 Â 10 4 m 2 s
; Figures 12  and 14) . Increasing the diffusion coefficient can account Table 1 for all the parameters used in the simulations (runs 1-4) . See color version of this figure in the HTML.
for the horizontal shift between accumulation at the base of the spreading current and sedimentation on the ground due to crosswind transport of the tephra below the spreading current height. This horizontal shift is also observed in sedimentation from strong plumes [Bonadonna and Phillips, 2003] . Some discrepancy between diffusion coefficients for the observed deposit and plume could also be due to the uncertainties in determining both the deposit ''zero line'' and the plume margins (Figures 2 and 4) . Finally, weak plumes are characterized by a nonuniform entrainment generating an upward motion beneath the centerline and downward motion on the sides [Fric and Roshko, 1994] . This phenomenon can lead to bifurcation but could also broaden the deposit by moving particles from the center of the deposit toward the side (P. Cunningham, personal communication, 2004) .
[43] Diffusion models approximate complex and competing processes in a low-order mathematical model, and as such, the value of the diffusion coefficient cannot be related to the details of any one process. In this study, observed and computed diffusion coefficients for Ruapehu are the order of magnitude of those predicted for atmospheric dispersion (10 -10 4 m 2 s
) [Heffter, 1965; Pasquill, 1974] , although they are significantly higher than those typically used in advection-diffusion models (e.g., 3 Â 10 3 m 2 s
, Vesuvius ; 6 Â 10 3 m 2 s À1 , Ruapehu [Hurst and Turner, 1999] , 2.7 Â 10 3 m 2 s
, Montserrat [Bonadonna et al., 2002a] ). This discrepancy can be explained by the relative energetics of weak plumes. In fact, the Fickian law of diffusion has been used primarily to describe volcanic plumes when they have lost their density contrast with the atmosphere and are advected as lens of aerosol and gas with nearly constant width, e.g., 22 July 1980 eruption of Mount St. Helens and 3 April 1986 eruption of Augustine [Bursik, 1998; Sparks et al., 1997] . These authors also suggested the application of this diffusion law to plumes that have insufficient energy to form an umbrella cloud and to reach the tropopause.
[44] The dynamics of weak-plume rise is controlled by the energetics of both the plume and the wind field. The Ruapehu plume was more energetic than the last stage of the 22 July 1980 strong plume of Mount St. Helens and the 3 April 1986 very weak and puff-like plume of Augustine. A simple measure of the energetics of a weak plume is the steepness of its trajectory relative to the wind speed. For the Ruapehu eruption, the constant b 2 defined by the relationship z c = b 2 x 1/2 (equation (1b)) is greater than that determined for the 22 July 1980, Mount St. Helens eruption (36.9 and 2.1 m 1/2 respectively [Sparks et al., 1997] ). The mean wind speeds during plume rise were 24 m s À1 for the Ruapehu eruption and 15 m s À1 for Mount St. Helens (radiosonde data from http://weather.uwyo.edu/), indicating that the Ruapehu plume was more energetic. We conclude that Fickian diffusion can be a good approximation to the crosswind spreading of both ''vigorous'' and ''low-energy'' weak plumes, but a wide range of diffusion coefficients is to ). See Table 1 for parameters used in the simulations (run 5 and 6). Computed data were contoured in agreement with the isolines compiled from the observed data (Figure 4) (Houghton et al., submitted manuscript, 2005) . be expected, with the largest values necessary to describe the most vigorous weak plumes such as Ruapehu.
[45] To match field data, we find that we need to introduce an empirical fall wind factor with a value of about 0.1, because the model predicts much greater deposition at a given downwind distance than is observed (Figure 12a) . First of all, wind velocities underneath the spreading plume are likely to be lower than those described by radiosonde data from the Paraparaumu Aerodrome used in the simulations, particularly close to the ground. Second, tornado-like structures have been observed in the wake region of bent-over plumes due to the combination of vorticity stretching and conservation of the angular momentum [Fric and Roshko, 1994; Thorarinsson and Vonnegut, 1964] . These tornado-like structures are likely to result in quasi-vertical particle sedimentation. Finally, particle deposition could also be prevented by the strong entrainment velocity field underneath the bent-over plume. In fact, a significant effect of strong entrainment field into a twophase flow is to oppose the removal and sedimentation of particles [Phillips et al., 2000] . Although we account for the effect of the greater entrainment constant for weak plumes as compared to strong plumes in the value of the diffusion coefficient, we do not account for the effect of entrainment velocity field on particle sedimentation. As a conclusion, a thorough study of the wind and entrainment fields underneath a bent-over plume is crucial to our understanding of particle sedimentation from weak plumes.
[46] The Ruapehu tephra deposit is very narrow and characterized by a sinuosity that tends to isolate mass accumulation maxima, as seen at about 150 km from the vent in the total isomass map and at 100 and 150 km in the isomass map for particles with diameter less than 125 mm (Figures 4 and 8) . The sinuosity could be produced by horseshoe vortices forming around the base of the plume. In fact, bent-over plumes are likely to produce regularly spaced vortices in the boundary layer region near the ground [Fric and Roshko, 1994; Sparks et al., 1997] . However, isomass maps for individual sizes suggest that such a sinuosity is a size-selective process, as it is not shown by particles with diameter greater than 125 mm (Figures 6 and 7) . This suggests that sinuosity is likely to be a result of particle aggregation and/or deposition from instability structures that could isolate several accumulation maxima.
[47] Aggregates were not preserved in the final deposit at the time of tephra sampling, but millimetric clusters were observed during tephra fall (Houghton et al., submitted manuscript, 2005) . Instability structures are also common during tephra fall [Bonadonna et al., 2002b; Carey, 1997; Hoyal et al., 1999] and were observed during the Ruapehu eruption (Houghton et al., submitted manuscript, 2005) . Both particle aggregation and instability structures enhance Figure 14 . Misfit function (mf, kg m
À2
) for medial to distal points (i.e., distance from vent 4 -180 km) from the Ruapehu tephra deposit calculated for (a) fall wind factor (g; semilog plot), (b) crosswind factor (e), and (c) diffusion coefficient (log-log plot). The gray symbols in all plots indicate the minimum value of mf corresponding to the best fit value. See Table 1 for parameters used in the simulations (runs 7 -9). Figure 14 ) and data computed with the best fit values for diffusion coefficient, fall wind factor, and crosswind factor (i.e., k = 3.5 Â 10 4 m 2 s
À1
, g = 0.1, and e = 2.5; see Table 1 ). The equiline is also shown for a better comparison. Also see Table 1 for all parameters used in the simulation (run 10). sedimentation of fine ash, by causing the particles to settle at velocities higher than their terminal velocities [Carey and Sigurdsson, 1982; Carey, 1997] . Convective instabilities and aggregation could also be enhanced by tornado-like structures, which is another characteristic structure typically forming in the wake of the spreading bent-over plume [Fric and Roshko, 1994; Thorarinsson and Vonnegut, 1964] . Finally, the interaction of weak plumes with topography has been shown to generate Lee waves which are likely to enhance various phase changes involving water in the plume and therefore could also enhance aggregation processes [Rose et al., 1988] . As a conclusion, the sinuosity is likely to be produced by the combination between bent-over plume structures (i.e., horseshoe vortices, tornado-like structure and Lee waves) and particle sedimentation processes (i.e., convective instabilities and aggregation).
[48] The width of isomass contours in Figure 4 can be described by Fickian diffusion using two contrasting diffusion coefficients within two different spreading regimes: 3 Â 10 2 m 2 s À1 within 23 km and 3 Â 10 3 m 2 s À1 between 46 and 225 km from vent ( Figure 10 ). The different spreading regimes are associated with different sedimentation regimes. During the initial stage of plume rise (up to 23 km downwind from vent), Ruapehu sedimentation was mostly concentrated along the dispersal axis with a steep profile in the crosswind mass/area data, whereas during horizontal spreading (beyond 46 km from vent) the crosswind mass/area profile was flatter (Figures 4 and 10 ). These two sedimentation regimes are separated by a transitional phase between 23 and 46 km from, indicating that the transition between the two spreading regimes predicted by our model (27 km from vent) is probably too sharp. This is supported by observations of lapilli sedimentation which is mostly confined to within 30 km of the vent (wt % >0.1 kg m À2 ; Figure 5c ), but actually ends about 45 km from vent ($0.02 wt %; Figure 5c ). The beginning of horizontal spreading around 30 km from vent is also supported by satellite observations (A. J. Prata, personal communication, 2004) .
[49] The Ruapehu plume produced a deposit characterized by no significant tephra accumulation upwind, rapid decrease of mass accumulation in proximal areas (within 10 km downwind from vent) and more gradual thinning in distal areas. The rapid decrease in mass accumulation within 10 km corresponds to a rapid decrease in lapilli deposition and rapid increase in coarse ash (Figure 5c ). Between 10 km and 30 km sedimentation was mainly characterized by lapilli and coarse ash. Beyond 30 km, when the plume started spreading horizontally, sedimentation was characterized by coarse and fine ash, with mostly fine ash falling beyond 100 km from the vent. However, plume sedimentation is Figure 16 . Isomass maps compiled for (a) computed tephra accumulation at the base of the spreading current (run 11 in Table 1 ) and (b) computed sedimentation at the ground (run 12 in Table 1 ). Computed data were contoured as in Figure 13 . All contours are in kg m À2 , and distances are in km from the vent. Note the double maximum (i.e., accumulation between 0.05 and 0.2 kg m À2 ) around 27 km from vent in Figure 16a due to the change in plume-spreading regime from bent over to horizontal. This double maximum is not shown in Figure 16b because of the smoothing effect of the wind. Also compare Figure 16b with the field data map in Figures 4 and 13c. dominated by coarse ash throughout, which is always present in proportions greater than 50 wt %, with the exception of samples within 0.4 km from vent ( Figure 5c ). This type of deposition contrasts with typical depositional patterns from strong plumes. As an example, Bursik et al. [1992b] have shown that large clasts (typically >2 cm diameter) are lost from the margins of the gas thrust and convective region of strong plumes and deposited around the vent, whereas smaller lapilli and coarse ash are predominantly carried to the top of the column and deposited from the base of the spreading umbrella cloud.
[50] Resulting sedimentation flux for well-mixed weak plumes is proportional to $exp(Àx 1/6 ) and $exp(Àx 1/2 ) during plume rise, and to $exp(Àx 3/2 ) when the plume starts spreading horizontally (equation (12)). The sedimentation flux for strong-plume umbrella clouds developing in still air is proportional to $exp(Àx 2 ), and that for umbrella clouds distorted by wind is proportional to $exp(Àx 3/2 ) [Bonadonna and Phillips, 2003 ]. In conclusion, sedimentation from horizontally spreading currents from well-mixed weak plumes and from strong plumes occurs at the same rate.
[51] Samples collected along the dispersal axis all show a unimodal distribution with most of the fine ash deposited in distal areas (less than 10%wt within 75 km from the vent; Figure 5c ), in contrast to the typical bimodal distribution that results from aggregation processes [Brazier et al., 1983] . However, the Ruapehu total grain size contains only 3 wt % fine ash and most of the blocks and lapilli fell within 30 km (Figure 5c ). Therefore the tephra left in the plume during the horizontal spreading was mostly coarse ash and aggregation processes and convective instabilities could not result in striking bimodality. We conclude that sedimentation from the Ruapehu plume during the horizontal spreading (beyond $27 km from vent) was characterized by convective instabilities and aggregation processes that affected particles with diameter less than 125 mm and resulted in at least two double maxima downwind at about 100 km and 150 km (Figure 8 ). These double maxima for particles with diameter less than 125 mm resulted in a striking sinuosity in the total tephra deposit (Figure 4) .
[52] Quantifying the effect of particle distribution within a volcanic plume on tephra sedimentation is likely to be a key issue in improving the quality of tephra dispersal modeling. The Gaussian structure of spreading plumes represents the basic assumption of so-called ''integral models'' derived from the theory of Morton et al. [1956] and was introduced to improve dispersal models still based on ''top hat'' profiles [e.g., Bursik et al., 1992b; Sparks et al., 1992] . However, simulations from recent 3D models for buoyant plumes in a vertically sheared cross flow based on the Navier-Stokes equations and solved using both direct numerical simulations (DNS) and large-eddy simulations (LES) do not show any Gaussian cross section at any single time or even as a time mean property [e.g., Cunningham et al., 2005] . The resulting cross-flow structure is closer to a kidney shape as also supported by the extensively studied theory of nonbuoyant jets in a cross flow, which are typically characterized by a counterrotating vortex pair [Fric and Roshko, 1994] . In conclusion, new investigations of more complex models are needed to assess the applicability of simplified models that also allow particle sedimentation to be described.
Conclusions
[53] The excellent data set available for the tephra deposit from the 17 June 1996 eruptive event of Ruapehu (New Zealand), allows some consideration on spreading and deposition from weak plumes to be made.
[54] 1. The Ruapehu eruption produced two weak plumes with a 2 hour separation, which were advected toward the NNE by a strong wind (average of 24 m s À1 during plume rise) with average differential downwind velocity of 24 and 19 m s À1 for the two plumes respectively. The corresponding lateral velocity was 4 and 6 m s À1 respectively, with the velocity of the second plume appearing larger due to the distal bifurcation that started when the plume lost its vigor (about 10 hours after the beginning of the eruption).
[55] 2. The Ruapehu deposit is characterized by no significant tephra upwind, rapid decrease of mass accumulation in proximal area and more gradual thinning in distal areas.
[56] 3. Different spreading regimes of the Ruapehu plume correspond to contrasting sedimentation regimes, with the sedimentation during the rising phase being concentrated around the dispersal axis with a very strong lateral variation and the sedimentation during horizontal spreading being characterized by a more gradual crosswind variation and a wider depositional area.
[57] 4. The lateral thinning variation shows a maximum at the dispersal axis, indicating that the subhorizontal spreading plume was well mixed at its centerline by vorticity and turbulence.
[58] 5. Blocks, lapilli and part of the coarse ash fraction were deposited from the rising stages of the weak plume (within $30 km from vent), whereas the horizontal spreading was characterized by coarse and fine ash.
[59] 6. Particles with diameter >1 mm fall off steeply within the first 50 km, whereas particles with diameter <125 mm show two maxima within 200 km from vent (at about 100 and 150 km from vent).
[60] 7. The double maxima of particles with diameter <125 mm result in a striking sinuosity of the total tephra deposit with a pronounced secondary maximum of mass accumulation at 150 km from vent. Such a sinuosity is shown to be size-selective and could be due to particle aggregation and convective instability structures enhanced by bent-over plume structures (i.e., horseshoe vortices, tornado-like structures and Lee waves).
[61] 8. Both plume spreading and deposit width can be described by the Fickian law of diffusion but with very different diffusion coefficients: 9 Â 10 4 m 2 s À1 for deposit width between 13 and 200 km from vent; 3 Â 10 4 m 2 s [62] 9. Crosswind spreading during bifurcation (between 800 and 936 km from vent) cannot be described by Fickian diffusion and is proportional to x 3 .
[63] On the basis of the interaction with atmospheric wind, eruptive plumes can be distinguished into (1) strong plumes, (2) well-mixed weak plumes, and (3) pair-vortex weak plumes. A new sedimentation model for well-mixed weak plumes is presented that shows good agreement with the Ruapehu field data and plume observations. On the basis of
[64] 1. Sedimentation from well-mixed weak plumes can be modeled as deposition from turbulent currents, where a gradient of increasing particle concentration is established due to the opposing effects of particle settling and turbulent diffusion, and the current spreading is controlled by the Fickian diffusion and an increasing volumetric flux downwind.
[65] 2. Sedimentation flux of well-mixed weak plumes is proportional to $exp(Àx ) when the plume starts spreading horizontally.
[66] 3. One-dimensional and two-dimensional investigations show that the change in plume rise regime from bent over to horizontal results in a secondary maximum of mass accumulation at the current base. This maximum is not shown in the ground sedimentation due to the sorting effects of the wind advection.
[67] 4. Numerical investigations of the Ruapehu plume show a transition between rising plume (z c = b 2 x 1/2 ) and horizontal spreading (z c = H b ) at 27 km from vent.
[68] 5. Observation and theoretical data show that proximal crosswind spreading and plume vertical thicknesses are roughly equivalent (<10 km from vent).
[69] 6. The sedimentation model presented shows good agreement with field data only when allowance is made for air entrainment (described by the empirical constants g and e). In fact, a simple Fickian model coupled with a Gaussian particle distribution underestimates the crosswind sedimentation and overestimates the downwind sedimentation. In addition, the sinuosity of the deposit cannot be reproduced because the model does not describe more complex phenomena, such as aggregation processes, convective instabilities, vorticity and plume pulsations.
[70] 7. One-dimensional and two-dimensional investigations of tephra sedimentation suggest that sedimentation from the Ruapehu weak-plume must have been subvertical.
[71] 8. Two-dimensional simulations show a best fit value of diffusion coefficient (3.5 Â 10 4 m 2 s
À1
) in agreement with the best fit values for plume lateral spreading observed between 43 and 800 km from vent (3 Â 10 4 m 2 s À1 ). These values are significantly larger than values typically observed for strong and ''low-energy'' weak plumes, suggesting that the Fickian law of diffusion can be used to predict the lateral expansion of ''vigorous'' weak plumes but a wide range of diffusion coefficients is to be expected. ], equation (10). mf misfit function [Bonadonna et al., 2002a] [M L
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